Background: The goal of this study was to test the ability of an injectable self-assembling peptide (KLD) hydrogel, with or without microfracture, to augment articular cartilage defect repair in an equine cartilage defect model involving strenuous exercise.
microfracture studies, long-term results have been mixed, especially for larger lesions 2, 4, 5 . Microfracture repair tissue tends to be more fibrocartilaginous, with inferior biochemical and biomechanical properties compared with normal hyaline cartilage 2, 6, 7 . Therefore, the investigation of alternatives and augments to microfracture continues to be an important area of study.
Noncellular matrices have been investigated as augments to microfracture 4, 6 . Of these, self-assembling peptides represent an attractive option for designing matrices that encourage cellular recruitment. The sequences (RADA) 4 and (KLDL) 3 (referred to as KLD herein) support the chondrocyte phenotype 8 and bone marrow stromal cell chondrogenesis [9] [10] [11] . These peptides can be injected as a liquid and rapidly assemble when exposed to physiological pH and ionic strength 12 . A recent rabbit study showed superior healing in critically sized full-thickness cartilage defects treated with KLD compared with empty defects over twelve weeks 13 . In this small animal model, the full-thickness defect provided access to the marrow, suggesting that combining KLD with microfracture may offer an improvement over current practice.
The goal of the present study was to test the ability of KLD to augment cartilage defect repair with or without microfracture in an equine model involving strenuous exercise. Microfracture was chosen as the route for marrow access in the horse as it is the clinical gold standard treatment. Untreated defects and defects treated with only microfracture were used as controls.
Materials and Methods Animals
T he study was approved by the Animal and Care Use Committee at Colorado State University and utilized sixteen skeletally mature horses (two to five years of age) free of musculoskeletal disease. Horses were housed in 15-m 2 stalls, and the degree of postoperative exercise was controlled unless otherwise noted (see Appendix).
Study Design
One 15-mm-diameter defect was created in each femoropatellar joint (two defects per horse), and defects were randomly assigned to one of four treatment groups: no treatment, defect filling with KLD, performance of microfracture, and performance of microfracture followed by filling with KLD. In eight of the horses, an empty defect was paired with a KLD-treated defect, varying the treatment placement between left and right knees. Similarly, in the other eight horses, defects treated with microfracture were paired with defects treated with microfracture followed by KLD filling, varying the placement between left and right knees. These pairings were chosen on the basis of experience with horseto-horse variation in the response to microfracture [14] [15] [16] .
KLD Peptide
KLD peptide constructs were developed as described previously 13 . In brief, KLD peptide (AcN-[KLDL] 3 -CNH 2 ) was synthesized by the MIT Biopolymers Laboratory (Cambridge, Massachusetts) with use of a peptide synthesizer (ABI 433A; Applied Biosystems, Foster City, California) with FMOC (fluorenylmethyloxycarbonyl) protection. The KLD was resuspended at 3.5 mg/mL in sterile water.
Defect Creation and Treatments
A femoropatellar arthrotomy was performed bilaterally under general anesthesia. A 15-mm-diameter impression was made in the articular cartilage of the medial trochlear ridge, and a curet was used to remove cartilage down to subchondral bone, with the subchondral bone plate left intact. If the defect was assigned to one of the microfracture treatment groups, standard subchondral bone microfracture was performed 14 . If the defect was assigned to one of the KLD treatment groups, direct pressure was applied with a surgical sponge to ensure that all bleeding was stopped prior to application of the peptide, which was then delivered as a liquid peptide suspension. The liquid could easily be seen as it filled the defect, and the defect was filled until visually full. Lactated Ringer solution was then added to the joint periphery to cause polymerization of the peptide, which was visually inspected to ensure retention. If the defect was not assigned to a microfracture or KLD treatment group, it was left untreated and empty. The incision was closed in four successive layers (the joint capsule, deep and superficial fascia, and skin).
Exercise
Horses were subjected to strenuous exercise (see Appendix) as described previously 17 .
Clinical Evaluation
Examinations were performed before defect creation and approximately every four weeks until twelve months (immediately before euthanasia) with use of a published grading scale 17 . In brief, lameness as an indicator of pain in the limb was graded as 0 to 5, pain after flexion of the stifle joint was graded as 0 to 4, static range of motion of the knee (stifle) was graded as 0 to 4, and synovial effusion in the femoropatellar joint was graded as 0 to 4, with 0 representing normal.
Arthroscopy
Defects were assessed arthroscopically by two surgeons blinded to treatment at six and twelve months after implantation (see Appendix).
Radiographic Evaluation
Four standard radiographic views were evaluated by a board-certified radiologist blinded to treatment. Osseous sclerosis adjacent to the defect site, osseous lysis adjacent to the defect site, and osteophytosis were graded as 0 = normal, 1 = slight, 2 = mild, 3 = moderate, and 4 = severe. Defect filling was graded as 0 = none, 1 = 1% to 25%, 2 = 26% to 50%, 3 = 51% to 75%, and 4 = 76% to 100%. Radiographs were evaluated at baseline, one, twelve, forty, and fifty-two weeks after surgery.
Postmortem Examination
Following euthanasia at twelve months after surgery, a necropsy that included examination of the femoropatellar joints was performed 18 . In brief, gross macroscopic observations were made to assess the overall condition of the joint, the color and integrity of the defect, and attachment of the repair tissue to surrounding bone and cartilage. Core biopsies of repair and native tissue were performed ( Fig. 1 ).
Magnetic Resonance Imaging (MRI)
Each femoropatellar joint was assessed immediately after euthanasia but before the joint was opened. Images were obtained with a 1.5-T GE Signa scanner (GE Medical Systems, Waukesha, Wisconsin). Proton density sequences with and without fat suppression and T2-weighted fast-spin-echo sequences were used in the sagittal, frontal, and transverse planes with 3-mm-thick slices. Images were assessed by a board-certified radiologist blinded to treatment as described previously 16 (see Appendix).
Histologic Evaluation of Synovial Membrane
A synovial membrane sample from each stifle was fixed with formalin, embedded in paraffin, sectioned (5 mm), and stained with hematoxylin and eosin. Samples were evaluated for cellular infiltration, intimal hyperplasia, subintimal edema, subintimal fibrosis, and vascularity. Each category was graded with use of a scale from 0 (normal) to 4 (severe) as described previously 18 .
Histologic and Immunohistochemical Evaluation of Repair Tissue
Defect sites were sectioned to produce 3-mm-wide proximal and distal sections for either histologic or immunohistochemical evaluation ( Fig. 1 ). Histologic samples underwent formalin fixation for forty-eight hours followed by decalcification and paraffin embedding. Paraffin samples were sectioned (5 mm) and stained with hematoxylin and eosin. Slides were graded in a blinded fashion to evaluate repair tissue with use of a modified O'Driscoll grading system (see Appendix) 13, 18 . Additionally, the percentage of granulation tissue present was estimated.
Immunohistochemical samples were frozen in embedding media and sectioned (8 mm) . Sections for aggrecan detection were incubated in chondroitinase ABC (Sigma-Aldrich, St. Louis, Missouri) for fifteen minutes. Each sample underwent blocking with normal goat serum (Jackson Immuno-Research Laboratories, West Grove, Pennsylvania) followed by incubation in primary antibody solution of aggrecan (1:20; Acris Antibodies, San Diego, California), type-I collagen (1:100; Accurate Chemical & Scientific, Westbury, New York), or type-II collagen (undiluted; Developmental Studies Hybridoma Bank, Iowa City, Iowa), then incubated with anti-mouse-HRP (horseradish peroxidase) secondary antibody. Antigen detection involved visualization with ImmPACT NovaRED detection reagent (Vector Laboratories, Burlingame, California) and counterstaining with Fast Green. IgG (immunoglobulin G) controls gave no signal. Slides were graded in a blinded fashion to evaluate the percentage of defect stained compared with control tissue (0 = 0%, 1 = 1% to 25%, 2 = 26% to 50%, 3 = 51% to 75%, and 4 = 76% to 100%).
Biomechanics
Up to three repair tissue samples and four native tissue samples from each joint were tested ( Fig. 1 ). Cartilage-bone biopsy samples were thawed in PBS (phosphate buffered saline solution) with protease inhibitors, and cartilage plugs of uniform geometry (>0.5 mm thick) were cut. Dynamic stiffness was measured in unconfined compression with use of a Dynastat mechanical spectrometer (IMASS, Hingham, Massachusetts) 19 . A 15% offset strain was applied by means of three 5% ramp-and-hold steps (5% strain applied over sixty seconds, followed by a four-minute hold), and this was followed by a frequency sweep with 0.5% amplitude sinusoidal strains at 0.05, 0.1, 0.3, 0.5, 1.0, and 5.0 Hz. Dynamic compressive stiffness was calculated as the ratio of the fundamental amplitudes of the stress and strain. Equilibrium compressive stiffness was calculated from linear regression of equilibrium stress versus strain. The dynamic shear modulus was measured by application of a simple shear strain to each plug immediately after compressive stiffness testing 20 . Discs underwent 15% and 30% axial compression followed by a frequency sweep of 1.5% amplitude sinusoidal shear strains from 0.05 to 1 Hz.
Glycosaminoglycan (GAG) content
Following the biomechanical testing, cartilage plugs were weighed wet and digested in protease K solution. The total content of sulfated GAG was determined by DMMB (1,9-dimethylmethylene blue) dye binding as described previously 21 and is reported on the basis of the wet weight.
Statistical Analysis
On the basis of previous studies 17, 18 , eight defects per treatment were utilized to provide a power of >80% at a = 0.05 22 . Data were analyzed with use of an ANOVA (analysis of variance) framework with the GLIMMIX procedure in SAS software (version 9.2; SAS Institute, Cary, North Carolina), with the horse as a random variable. Main effects were treatment, week, location (distal or proximal), or tissue type (native or repair). When the main effect or an interaction had a p value that was considered to be significant (<0.05) or indicate a trend (0.05 to <0.10), individual comparisons were made with use of the least square means procedure. All data are presented as the mean and the standard error. Nonparametric analyses were also performed when appropriate and yielded similar conclusions. Because the analyzed biologic outcome parameters represent a continuum rather than defined categories, the results of the parametric analysis are presented. 
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Results
Clinical Evaluations
W hen treatment groups were compared across the fiftytwo-week study period, lameness scores were significantly poorer if defects received no treatment (mean for all time points, 1.40 ± 0.06) compared with microfracture-only treatment (1.22 ± 0.06) or KLD-only treatment (1.18 ± 0.06) (p = 0.04). There were no significant differences among the treatments at any individual time point. Overall, flexion scores were poorer if defects received no treatment (1.74 ± 0.06) compared with KLD-only treatment (1.52 ± 0.06) (p = 0.02).
Averaged across treatment conditions, synovial effusion peaked at week twenty-four with scores of mild to moderate, then partially resolved to scores of slight to mild by week fiftytwo (p < 0.0001). At week twenty-four, synovial effusion was greater in untreated joints (3.12 ± 0.20) and joints treated with only KLD (2.99 ± 0.20) compared with only microfracture (1.88 ± 0.20) or microfracture plus KLD (1.76 ± 0.20) (p < 0.0001). By week fifty-two, synovial effusion had partially abated in joints with no treatment (1.62 ± 0.20) and with KLDonly treatment (1.37 ± 0.20); effusion in the latter group was significantly less than that in joints treated with only microfracture (2.01 ± 0.20) (p < 0.0001).
Static range of motion at week twenty-four was poorer in untreated joints (2.59 ± 0.21) compared with joints treated with only microfracture (1.53 ± 0.21) or with microfracture plus KLD (1.41 ± 0.21) (p = 0.0006). There were no differences in range of motion among the groups by week fifty-two. 
Arthroscopy
Averaged across the groups, cartilage attachment, bone attachment, and firmness were improved by week fifty-two compared with week twenty-four (p = 0.0999, p = 0.03, and p = 0.04, respectively); the results did not differ significantly according to treatment (p = 0.95, p = 0.79, and p = 0.65, respectively). In contrast, across the groups, the shape of the defect and smoothness of the surface were poorer at week fifty-two (0.19 ± 0.05 and 2.47 ± 0.10, respectively) compared with week twenty-four (0.00 ± 0.05 and 2.22 ± 0.10) (p = 0.001 and p = 0.04, respectively). The shapes of defects treated with only microfracture (0.38 ± 0.09) and with microfracture plus KLD (0.38 ± 0.09) were poorer than those of untreated defects (0.00 ± 0.09) and defects treated with only KLD (0.00 ± 0.09) at week fifty-two (p = 0.01).
By week fifty-two, the volume of repair tissue did not differ significantly according to treatment (p = 0.98), but defects treated with microfracture plus KLD had the smallest amount of filling (40.63% ± 10.93%), followed by untreated defects (41.88% ± 10.93%), defects treated with only KLD (49.38% ± 10.93%), and defects treated with only microfracture (55.63% ± 10.93%). There were no differences across the time points or among the treatments in the remaining arthroscopic evaluation categories.
MRI
No treatment (1.75 ± 0.28) and KLD-only treatment (2.13 ± 0.28) yielded greater femoropatellar joint capsule fibrosis compared with microfracture-only treatment (0.63 ± 0.28) and microfracture plus KLD (0.63 ± 0.28) (p = 0.003). Filling of defects treated with only KLD was greater than that of untreated defects (p = 0.06) but did not differ significantly from that of defects treated with only microfracture or with microfracture plus KLD (Fig. 2) . Femoropatellar joint effusion, femoropatellar synovial proliferation, and adjacent articular cartilage abnormalities were scored as mild to moderate but showed no differences among treatments. Femoropatellar joint capsule edema, subchondral bone sclerosis, and subchondral bone edema appeared normal and showed no differences among treatments.
Radiographic Examination
All groups developed some sclerosis and lysis after surgery, with scores progressively worsening with time up to week fifty-two (p < 0.0001). Across the fifty-two weeks, sclerosis was significantly greater for defects treated with only microfracture compared with the other treatments (p = 0.0007), and sclerosis was also greater for defects treated with microfracture plus KLD compared with no treatment (p = 0.0007) ( Fig. 3-A) . These differences were already apparent by week twelve after surgery, and they remained through week fifty-two (p = 0.0007) ( Fig. 3-B ). Osteophyte development was graded as slight in defects treated with only microfracture (0.40 ± 0.14) and with microfracture plus KLD (0.40 ± 0.14); defects that were untreated (0.00 ± 0.14) and those treated with only KLD (0.00 ± 0.14) appeared normal (p = 0.08). Across the fifty-twoweek period, defects treated with only microfracture (1.80 ± 0.24) and with microfracture plus KLD (1.73 ± 0.24) had poorer total radiographic scores compared with defects that were untreated (0.63 ± 0.24) and those treated with only KLD (0.85 ± 0.24) (p = 0.005); scores averaged across the treatments worsened progressively after surgery (p < 0.0001).
Necropsy
None of the necropsy evaluation categories differed significantly among the groups. Overall, the outward appearance of the joints appeared normal, the extent of attachment of the repair tissue to the surrounding cartilage and bone was scored as mild, the repair tissue was mildly to moderately softer than the surrounding articular cartilage, and the overall grade of the repair tissue was fair. The volume of repair tissue was lowest in untreated defects (34.38% ± 11.40%), followed by defects treated with only microfracture (42.88% ± 11.40%), microfracture plus KLD (43.13% ± 11.40%), and only KLD (44.38% ± 11.40%), although these differences were not significant (p = 0.92) ( Fig. 4) . Even though the volume differences did not reach significance, these rankings were consistent with the defect filling determined by MRI. MRI provides a more objective three-dimensional view of the repair tissue, which could explain why one of the filling differences determined by this method (between untreated defects and those treated with only KLD) achieved significance.
Synovial Membrane
Defects treated with only KLD (2.88 ± 0.33) had greater subintimal fibrosis compared with defects treated with only microfracture (1.38 ± 0.33) (p = 0.04). Slight to mild amounts of intimal Radiographically assessed sclerosis was greater in defects treated with only microfracture (MF) compared with untreated defects and defects treated with KLD only and with KLD plus microfracture, both across the fifty-twoweek study period ( Fig. 3-A) and at each time point beginning at twelve weeks after surgery ( Fig. 3-B) . Sclerosis was scored from 0 to 4, with 0 = normal, 1 = slight, 2 = mild, 3 = moderate, and 4 = severe. The values are shown as the mean and the standard error. *P < 0.05. hyperplasia and vascularity developed in the synovial membrane, but there were no differences among treatments. None of the groups developed cellular infiltration or subintimal edema.
Histology
In general, the predominant tissue in the defects contained some fibrocartilage, but the repair tissue overall was mostly noncartilaginous, with no significant differences among the treatments (p = 0.31). In addition, there was some granulation-like tissue in the defects in all treatment groups, ranging from 2.5% to 10.6% of the repair tissue. Reconstitution of the subchondral bone appeared normal. Overall, the total histology score and bonding to adjacent cartilage were greater in the samples taken from the proximal side of the defect compared with the distal side ( Fig. 1 ) (p = 0.003, p = 0.006), but there were no differences among the treatment groups (Fig. 5 ). Proximal tissue also had better structural integrity compared with distal tissue (p = 0.04). Within proximal tissue, the structural integrity of defects treated with only microfracture was more normal than that of defects treated with only KLD or with microfracture plus KLD ( Fig. 6 ) (p = 0.05).
Immunohistochemistry
Within distal tissue, defects treated with only microfracture had significantly more aggrecan than untreated defects; within proximal tissue, untreated defects and defects treated with only microfracture contained more aggrecan than defects treated with only KLD (Fig. 7-A) (p = 0.06). Proximally and distally, defects treated with only microfracture had more type-II col-lagen compared with defects treated with microfracture plus KLD and with only KLD. Proximally, untreated defects had more type-II collagen compared with defects treated with only KLD (Fig. 7-B ) (p = 0.008). All of the treatments resulted in similar amounts of type-I collagen filling the defects (p = 0.16; Across the fifty-two-week study period, structural integrity of the proximal repair tissue was more normal for defects treated with only microfracture (MF) compared with only KLD and with microfracture plus KLD. Structural integrity was scored from 0 to 2, with 0 = severe disintegration, 1 = slight disruption, and 2 = normal. The values are shown as the mean and the standard error. *P < 0.05. treatment); overall, proximal tissue contained more type-I collagen than distal tissue (p = 0.04).
GAG
Native cartilage had approximately four times as much GAG compared with repair tissue, as measured by DMMB staining (p < 0.0001). There were no differences in the GAG content of the repair tissue among the groups.
Biomechanics
The dynamic, shear, and static stiffness of native cartilage were approximately ten times greater than those of repair tissue (p < 0.0001). There were no differences in the biomechanics of the repair tissue among the groups.
Discussion
T reatment of defects with KLD without microfracture provided some benefits with respect to clinical symptoms (16% improvement in lameness and 13% improvement in flexion compared with no treatment). Similarly, treatment with microfracture without KLD filling provided some benefits (13% improvement in lameness and 41% improvement in range of motion at week twenty-four). However, treatment with a combination of microfracture plus KLD showed no additional benefits over either treatment alone. To our knowledge, this is the first experimental report of clinical improvements resulting from microfracture treatment, and it supports clinical trial results demonstrating short-term benefits with respect to knee function following microfracture 5 . In general, improvements of >10% warrant further investigation, with changes of >20% representing the goal for clinical treatments.
The improvement in clinical parameters seemed to result from different causes depending on the treatment. KLD-only treatment improved filling of the defect (as measured by MRI) compared with no treatment, and it resulted in fewer radiographic changes compared with microfracture treatment. In contrast, defect treatment with only microfracture resulted in repair tissue containing increased amounts of aggrecan and type-II collagen compared with treatment with only KLD. Microfractureonly treatment also protected against femoropatellar joint capsule fibrosis compared with no treatment and KLD-only treatment.
Across treatments, the defects in this study had poor repair, with <50% of the defect volume being filled and a high content of nonchondrocytic cells, including the presence of granulation-like tissue. These observations are in accordance with the low amount of GAG in repair tissue and with the low stiffness of the repair tissue, which remained an order of magnitude lower than that of the surrounding native cartilage. Despite poor cartilage repair, reconstitution of subchondral bone appeared normal.
The poor filling of untreated defects in this study was unusual compared with similar studies. In a 2008 study in which defects with the same size were created at a similar location (the trochlear groove), 60% filling of the defect was reported by twelve to eighteen months after surgery, as determined by histology 17 , compared with 34%, as determined at necropsy, in the present study. As in the present study, horses underwent strenuous exercise, but the calcified cartilage layer was left intact in the 2008 study. Although removal of the calcified cartilage is beneficial when performing microfracture 23 , it is possible that it hinders repair of untreated defects.
Previous equine studies have also evaluated defect filling after microfracture. Fortier et al. reported comparable levels of defect filling, as determined by MRI, at eight months after surgery in microfracture-treated defects of the same size and in a similar location as those in the present study 24 . In a different study utilizing strenuous exercise 23 , microfracture was performed on defects on the medial femoral condyle rather than the trochlear groove; greater filling, as determined by gross examination, was observed at twelve months after surgery (63% ± 7% compared with 42.88% ± 11.40% in the present study). Although few microfracture studies in patients have specified results according to location, Kreuz et al. showed that patients reported less functional improvement over a three-year period following microfracture to treat trochlear or patellar defects compared with defects on the femoral condyles or tibia 25, 26 . Although KLD-only treatment in Across the fifty-two-week study period, aggrecan ( Fig. 7-A) and type-II collagen ( Fig. 7-B ) contents in the distal repair tissue were greatest for microfracture (MF)-only treatment. On the proximal side, untreated defects and defects treated with only microfracture showed greater aggrecan and type-II collagen contents compared with defects treated with only KLD.
The results were scored by comparing the percentage of defect stained compared with control tissue (0 = no staining, 1 = 1% to 25%, 2 = 26% to 50%, 3 = 51% to 75%, and 4 = 76% to 100%). The values are shown as the mean and the standard error. *P < 0.05. the present study improved clinical outcomes and defect filling compared with no treatment, the quality of the repair tissue remained poor. KLD-treated defects had decreased aggrecan and type-II collagen in the proximal side of the repair tissue compared with untreated defects. The combination of microfracture plus KLD resulted in no additional improvement over microfractureonly or KLD-only treatment, and it resulted in decreased type-II collagen compared with microfracture-only treatment. In a rabbit model, KLD-only treatment of full-thickness trochlear groove defects with marrow access resulted in markedly improved cartilage regeneration, as indicated by increases in the total histology score, safranin-O staining, and type-II collagen after twelve weeks compared with no treatment 13 . Therefore, it is possible that insufficient cellular and growth factor infiltration of the KLD occurred in the present study. We are presently studying the ability of functionalized scaffolds to deliver proanabolic factors (e.g., the heparin-binding form of insulin-like growth factor 1, HB-IGF-1 27 ) and/or anticatabolic factors to a defect. It is also possible that the microfracture did not generate sufficient marrow flow for infiltration of the KLD. An example of a material that has successfully augmented microfracture healing is a chitosan-based polymer scaffold that has been reported to stabilize the blood clot during microfracture, resulting in improved lesion filling compared with microfracture-only treatment at twelve months 28 .
In conclusion, treatment of defects with only KLD or with only microfracture resulted in an improvement in clinical symptoms compared with no defect treatment, but the improvement appeared to result from different causes depending on the treatment.
